Eighty-four patients with up to -6.00 dioptres of myopia underwent photorefractive keratectomy (PRK), using 5.00 mm ablation zones. Three months post-operatively 38 (45 %) complained of disturbances in night vision, compared with 21 (25 % ) pre-operatively. In the majority, these disturbances were regarded as negligible. However, 9 (11 %) reported significant problems, defined as an inability to drive safely at night with the treated eye. At 12 months, 32 patients (38 % ) complained of impaired night vision, 4 (5%) of whom had significant problems. A series of measurements were performed to investigate the ori gins of these disturbances, especially in patients reporting significant problems. Visual impairment from forward scattered light was investigated using a computerised technique. Back scattered light was measured with a charge coupled device-camera system and a computer program was used to assess the degree of halation around a bright light source on a high-resolution monitor. Pupil lary diameters were measured by infrared television pupillometry. At 6 months, those reporting a star burst effect around lights at night had small hyperopic shifts, minimal halos and high forward and back light scatter measurements. Patients who reported halo phenomena had large hyperopic shifts, little light scatter and large pupillary diameters. Of the 4 patients who reported sig nificant disturbances at 12 months, all had persistent halo problems. Those with starburst effects in the early post operative period noticed an improvement with time as their corneal haze gradually improved. Perturbations of night vision after PRK manifest as starbursts and halos around lights. Disturbances in corneal transparency appear to be responsible for starburst effects and are usually transient. Halos are myopic blur circles and may be persistent in a small number of individuals. All
Eye (1994) 8, 46-51 © 1994 Royal College of Ophthalmologists patients should be informed pre-operatively of the poss ible consequences of disturbances in night vision.
Excimer laser photorefractive keratectomy (PRK) has been the subject of clinical trials for over 3 years and to date over 70 000 procedures have been performed world wide, This number is due to rise rapidly over the next few years with the inexorable increase in the number of excimer laser systems in use. It appears to be a safe and effective procedure for the correction of low degrees of myopiaJ-4 and research continues into the treatment of other refractive disorders,5.6 It is the first widely available form of refractive surgery performed directly on the opti cal zone of the cornea and thus concern has been raised about the possibility of disturbances in visual performance post -operatively, Despite a transient loss of corneal transparency, few patients report daytime disturbances in vision and best corrected Snellen visual acuity typically returns to pre operative levels within a few months after treatment.l-4 However, disturbances in night vision are often reported and are manifest to patients as 'starbursts' and 'halos' around bright point sources of light.
Gartry et a/.J reported a series of 120 sighted eyes treated with a maximum ablation diameter of 4.00 mm. On direct questioning 94 patients (78%) reported shim mering rings around lights at night, which were worse in the early post-operative period. Twelve patients (10%) considered that these disturbances were sufficient to inter fere with night driving and declined treatment of their second eye.
In order to introduce a degree of objectivity into the assessment of reduced night vision after PRK we have designed two computer programs. The first measures the effect of light scatter from disturbances in corneal trans parency. 7 The second measures the magnitude of halation around a bright light source generated on a high-resolution monitor. 8 Using the halo program, night halo after PRK has been shown to be diminished by using either artificial pupils or negative lens overcorrection. In individuals with identical bilateral corrections, except for ablation zone size, there were found to be fewer halos with 5.00 mm than with 4.00 mm zones.8 These observations confirm the concept that the halo effect is a myopic blur circle pro duced by the refraction of light by the untreated paracen tral cornea. The magnitude of the blur circle is dependent upon the ratio of pupil size and the diameter of the ablation zone. It is therefore only apparent in mesopic/scotopic conditions.
Night halo phenomena are not unique to patients who have undergone PRK. They have been observed in those myopes corrected with contact lenses, particularly hard lenses, where they are thought to arise from a mismatch in curvature between the lens and peripheral cornea. 9 There appears to be a wide individual variation in the degree of disability generated by disturbances in night vision after PRK. In order to establish the t ime base and origins of such problems, we documented the perturba tions in night vision reported by a series of 84 patients treated with 5.00 mm ablation zones over a 12 month fol low-up period. Measurements of disturbances in corneal transparency and light scatter7,lO . 11 and hal08 were made in these patients. This allowed patients to be divided into those whose night vision problems were predominantly generated by corneal haze and those who had disturbances caused by halos. On the basis of these data, strategies to prevent, reduce and manage disturbances of night vision after PRK are presented.
PATIENTS AND METHODS

Patients
There were 84 patients (84 eyes) who underwent PRK for correction of myopia. The average age was 36 years, with a range of 24-68 years. There were 44 patients who had -3.00 dioptres (D) and 40 with -6.00 D corrections, with each patient being corrected to the nearest dioptre. The mean pre-operative refraction (spherical equivalent) was -4.5 D, range -2.5 D to -7.00 D.
Patient Assessment and Post-operative Management
All patients were counselled fully prior to PRK to discuss the investigative nature of the surgery. Past optometric records were scrutinised to ensure stability of refraction and all subjects were over the age of 24 years. All eyes had less than 1.50 D of astigmatism. Patients with pre-existing ocular pathology, diabetes and connective tissue disorders were excluded.
Pre-operatively a detailed ocular examination was per formed and included refraction, keratometry, slit lamp examination, tonometry and mydriatic fundoscopy.
The operative procedure has been described elsewhere. 1 In all patients, chloramphenicol eyedrops q.d.s. were administered for 2 weeks post-operatively. Given the recent findings in a prospective randomised double masked trial of the use of topical corticosteroids after PRK,12 the patients were divided into two groups. In one group 30 eyes (16 -3 .00 D and 14 -6.00 D corrections) received fluorometholone 0. 1 % eyedrops 8 times a day for 1 month, with a reducing dosage over the next 5 months. In the second group of 54 eyes (28 -3.00 D and 26 -6.00 D corrections) no topical corticosteroids were administered.
Post-operative examinations were carried out at 3, 6, 9 and 12 months and included refraction, keratometry, bio microscopy and tonometry. In addition, measurements of objective haze were made with a charge coupled device camera system, the calibration and data analysis of which have been described in detail. 1 0. 1 1 In essence, this device measures either reflection and back scattered light gener ated by disturbances in corneal transparency or back scat tered light alone. The degradation of the retinal image generated by the forward scatter of light was assessed using a recently described computerised technique, which measures visual contrast with a central test stimulus in the presence of a bright, annular, flickering light source. 7
Measurements of the magnitude of the halation around a central bright light source generated on a high-resolution monitor were made, using a previously described com puter program.s At each post-operative visit all patients were ques tioned, using a standardised, predetermined sequence to ascertain the frequency and severity of night vision prob lems. All patients with significant disturbances were investigated to determine the underlying cause of their problem, with particular reference to discrimination between haze and halo. This group was defined as those who felt that they would not be able to drive safely at night with their treated eye alone. In addition to the above measurements, apparent pupil diameters were examined using a Whittaker Corporation Series 1800 binocular infrared television pupillometer in darknessl3 and corneal topography was performed in each patient to determine the centration of the ablated zone, using a Computed Anatomy TMS-l system.
Excimer Laser
A Summit Technology ExciMed UV200 excimer laser was used, with an emission wavelength of 193 nm, a fixed pulse repetition rate of 10 Hz and a radiant exposure of 180 mJ/cm.2 In this system differential ablation is achieved by successive laser pulses being delivered through an expanding iris diaphragm. The maximum dia meter of the diaphragm was 5.00 mm in all eyes.
RESULTS
The incidence of night vision disturbances after excimer laser PRK in 84 patients treated with 5.00 mm ablation zones is shown in Table I . The disturbances were maximal at 3 months and declined thereafter. Of the 84 patients, 21 (25%) reported some interference with night vision prior to the procedure. These disturbances were associated with both spectacle and contact lens correction.
Twelve months after PRK, 32 patients reported per turbations of night vision and of this group 17 were indi viduals who had noticed some problems pre-operatively. Nineteen had undergone -6.00 D corrections and 13 had had -3.00 D corrections. There did not appear to be any association between the use of post-operative topical corticosteroids and night vision disturbances. Halo phenomena were reported by the majority, with only 5 of the 32 patients reporting starburst effects. These disturb ances were generally regarded as minor and very few patients reported problems unsolicited. Measurements of haze, back scattered light, forward light scatter, halo, pupil diameters and hyperopic shift in 9 patients who experienced significant impairment of night vision at 6 months are shown in Table II . Of these, 3 reported a starburst effect around lights at night, 5 described the appearance of shimmering halos, and 1 had a combination of starbursts and halos. All these patients felt that they would not be able to drive safely at night with their treated eye alone.
Of the patients listed in Table II , those with starburst phenomena around bright lights at night had profound cor neal haze. These eyes had regressed, with small hyperopic shifts, resulting in undercorrection and small halo measurements. Patients with halo problems after PRK had achieved favourable results with large hyperopic shifts, resulting in a correction near emmetropia, and minimal corneal haze. However, they had large pupil diameters in darkness, above the 50th centile for their age group, com pared with previous published data.1 4 Corneal topography gave no indication of significant decentration of the ablation zone in any of the 9 problem patients. The centre of the treated zone was within 0.5 mm of the entrance pupil centre in each case.
In Table II , the results at 12 months for hyperopic shift, haze, back and forward light scatter and halo measure ments are shown in parentheses. Those who reported sig nificant disturbances associated with starburst effects in the early post-operative period, noticed an improvement with time as their corneal haze gradually improved. How ever, there were still 4 patients with significant night vision problems 12 months post-operatively and these individuals are highlighted. All these patients complained of halo phenomena and 2 declined treatment of their second eyes despite good refractive outcomes. Patient 2 noted an improvement in night vision with a reduced halo at 12 months. This was associated with a reduction in her hyperopic shift and the use of a contact lens to treat the induced hypermetropia.
DISCUSSION
Reduced night vision after PRK appears to have two inde- pendent causal elements. The first is degradation of the retinal image by the forward scatter of light as it passes through corneal haze. The second is the generation of myopic blur circles. Myopic blur circles result from two separate refracting surfaces within the optical zone of the cornea, both of which contribute to the retinal image when the pupil diameter extends beyond the area of the ablated zone.
Our studies indicate that the forward light scatter asso ciated with corneal haze may result in a starburst effect seen around lights at night (Table II) . This phenomenon is particularly apparent around bright light sources sur rounded by low ambient levels of illumination. A typical example of these conditions is urban street lighting and at night this environment can be particularly disabling. It is difficult to relate the magnitude of disturbances in a patient's vision to subjective clinical observations of haze.lo' ! j Clinical observations consist of a slit lamp image in which the haze is seen as an altered light reflex. This image is generated by two components. The first is light reflected from atypical cellular and extracellular struc tures in the healing cornea. The second is light scattered back towards the observer from these structures.IO.!1 Neither of these components makes a contribution to the patient's image, which consists entirely of transmitted and forward scattered light. The more forward scatter of light, the greater the degradation of the retinal image.7 Haze first becomes apparent a few weeks post-operatively, is maxi mal at 3-4 months and then gradually fades.
Ill .! I The mag nitude and timing of starburst phenomena are related to those of corneal haze and in our patients were at their worst 3-6 months after PRK (Table I) . As haze decreases, the starburst effect usually reduces to an insignificant level and therefore in most patients causes only transient inter ference with night vision. Although we identified a number of individuals with disabling starbursts associated with high haze and light scatter measurements in the early post-operative period, few patients showed persistence of these problems 12 months after PRK (Table II) . Most eyes with significant haze also show higher degrees of regression. 12 The combination of high haze and regression of the intended correction may give rise to com plex night vision disturbances. In such patients the prob lems may be caused partially by forward light scatter and partially by a poorly formed retinal image due to residual myopia.
The forward scatter of light producing starbursts is not unique to PRK and is experienced by many myopes cor rected with soft contact lenses.7 In PRK the scatter centres are abnormal keratocytes, intrastromal vacuoles and atyp ical collagen.lo In soft contact lenses they may be lens deposits or surface irregularities induced by lens dehydra tion.7,15 Starburst phenomena are also described by some patients after radial keratotomy (RK).I(' In such cases, star bursts seem to be caused where the scars of the radial inci sions extend over the pupil margins. The scar geometry appears to determine the axes of the rays of the starburst. 16 In addition to starburst phenomena, some patients describe the appearance of shimmering rings around point sources of light at night. Patients may mistakenly describe this phenomenon as 'glare'. These shimmering rings or halos are myopic blur circles and are usually considered insignificant. In a small minority they may cause sufficient disturbance to interfere with night driving. Unlike haze, halo may be a persistent problem. In our series of eyes treated with 5.00 mm ablation zones, 4 (5%) patients reported significant problems at 12 months. In 120 eyes treated with 4.00 mm ablation zones reported by Gartry et a/.17 there were 12 eyes (10%) with interference of night driving almost 2 years after PRK. PRK halos differ from the normal physiological entop tic halos. These have been extensively investigatedl8 and have been described as a series of up to four separate, con centric rings of alternating intensity. They are assumed to be the result of diffraction by normal anatomical struc tures within the ocular media. They should not be con fused with the myopic blur circles, which are confluent with the light source, more apparent and larger than ento ptic halos.x
Patients become aware of night halos soon after sur gery, during the period of initial overcorrection. In most they are considered negligible a few months after surgery, when the initial excess hyperopic shift has reduced. For higher corrections, this time course may be retarded by the use of topical corticosteroids, when eyes may remain overcorrected while on treatment. 12 It has been suggested that there may be some cortical adaptation producing reduced awareness with time. Claims have also been made that the perception of halo may recede when patients have undergone a procedure on their second eye. Our clinical experience with over 500 PRK procedures has not sup ported this.
The magnitude of halo after PRK and the resultant degree of impediment perceived by individual patients is very variable. Typically, those patients with large halos have had good corrections with large hyperopic shifts, little corneal haze and minimal light scatter measurements (Table II) . However, pupil diameters in these individuals were found to be conspicuously large, when measured by infrared television pupillometry. In most cases they were greater than 7.00 mm and therefore above the 50th per centile for age. 14 The variation in disturbance of night vision does not seem to be related to the absolute size of the halo. Some patients in our series with very large halos did not com plain of serious problems. Optical considerations would suggest that the ratio of the relative retinal irradiance between the image and the blur circle is of more critical importance than the absolute size of the halo. The higher the irradiance of the latter, the more disabling the effect. These observations are further supported by findings that the magnitudes of halo measurements in myopes cor rected with hard contact lenses are much greater than those with PRK.9 Although many hard contact lens wear ers notice some halo disturbance at night, they do not usually report significant problems. Such halos are thought to arise from a gradual mismatch in curvature between the cornea and lens periphery. This would result in less intense blur circles than those experienced after PRK, where there is a sudden increase in dioptric power at the edge of the ablated zone. A systematic investigation of this would require a measurement of visual function within the area of the blur circle.
Lifestyle appears to be important in the perception of halos and in our experience patients who seldom drive at night do not usually consider them a problem. The road conditions at night will also influence the perception of the blur circles. Patients often report that the disability is greater on poorly lit roads and less troublesome with normal urban street-lighting, where the higher frequency of light sources and greater luminance result in smaller pupil sizes. Seasonal variation in daylight may influence the severity of symptoms and patients in which the early post-operative period coincides with the winter months may complain more frequently.
Given that younger individuals have larger pupils, 14 it is more likely that in this group more disabling halos will occur with small diameter ablations and larger dioptric corrections. Those patients who have pupil diameters greater than 7.00 mm, when measured in darkness (Table  II) , are more likely to have troublesome halos and should be informed that they may have post-operative problems. Professional drivers and patients who regularly drive at night, especially on motorways and roads without light ing, should be made fully aware of the potential night vision problems after PRK.
The incidence of significant night halo could be reduced further by increasing the ablation diameter. This would, however, result in a greater ablation depth per dioptre1 9 and might increase the propensity for anterior stromal haze. An alternative to increasing the beam diameter might be to modify the algorithm to create a new ablation profile. In this case blended peripheral transition zones would create wider ablations while maintaining shallow ablation depths. With the move towards larger beam dia meters, halos should become less of a problem in future studies. Attempts to cope with problem patients generated by 4.00 mm PRK exposures have only been marginally successful.
We have shown previously that the halo after PRK was reduced with negative lenses or pinholes.s In some indi viduals with persistent problems it has been helpful to pre scribe weak negative lens overcorrection for night driving. Weak miotics instilled 30 minutes before travelling at night have also helped, although the long-term use of miotics in young individuals is an unsatisfactory answer to this problem. In a small group of 4.00 mm PRK patients reablation has been carried out using 5.00 mm and 6.00 mm ablation diameters. However, this is only suit able for individuals with residual myopia.
Myopes often suffer some degradation of night vision regardless of the type of correction for their refractive error. Although the majority of PRK patients are satisfied with the outcome of their procedure, all patients must be D. P. S. O'BRART ET AL.
informed pre-operatively of the possible consequences for their night vision of haze and halos. It should be empha sised that haze will cause only a transitory disturbance in night vision with normal performance 6-9 months after surgery, whilst halos if present may be a persistent problem.
